The dynamic mechanical properties of high strength aluminum-scandium (Al-Sc) alloy are investigated using a compression split Hopkinson bar. Dynamic impact testing is carried out at nominal strain rates (abbreviated to strain rate hereafter) ranging from 1:2 Â 10 3 to 5:8 Â 10 3 s À1 at room temperature. The effects of strain rate on the mechanical properties, microstructural evolution and fracture characteristics are investigated and the relationship between the mechanical properties of the alloy and its microstructure is explored. The measured strainstress curves reveal that the dynamic mechanical behaviour of Al-Sc alloy is highly dependent on the strain rate. The flow stress, work hardening rate and strain rate sensitivity increase with increasing strain rate, but the fracture strain and activation volume decrease. The Zerilli-Armstrong fcc constitutive law is used to model the shear flow response of the Al-Sc alloy. A good agreement is found between the predicted and measured shear flow responses. The Al-Sc alloy specimens fracture as a result of shear band formation and crack propagation within the shear band. SEM observations indicate that the fracture features are dominated by a transgranular dimple-like structure. The density and depth of the dimples decrease with increasing strain rate. TEM microstructural observations reveal that the presence of Al 3 Sc precipitated particles in the matrix and at the grain boundaries prevents dislocation motion and leads to a significant strengthening effect. An analysis of the dislocation substructure indicates that a higher strain rate increases the dislocation density, thereby reducing the size of the dislocation cells. The variations of the dislocation cell structure reflect different degrees of strain rate sensitivity and activation volume, and correlate well with the impact flow stressstrain response.
Introduction
Aluminum alloys have long been used in the fabrication of aircraft, automotive and marine components due to their high stiffness/density ratios (E=), superior corrosion resistance and high ductility. In these applications, the joints between large components fabricated from traditional aluminum alloys are generally welded, while the other structural components are fabricated by metal working processes such as forging, forming, rolling or extrusion. However, when welding traditional aluminum alloys, the heat generated during the welding process induces cracking in the fusion zone and at the boundary between the fusion zone and the heat affected zone. These cracks reduce the strength and corrosion resistance properties of the aluminum alloy considerably. Moreover, metal working processes also change the strength of traditional aluminum alloys since these processes induce changes in the alloy's microstructure. Some researchers 1, 2) have reported that the addition of scandium to aluminum alloys increases their mechanical strength. Since scandium forms fine Al 3 Sc precipitates and is coherent with the aluminum matrix, its addition leads to a significant reduction in hot cracking during welding and inhibits grain growth.
3) Furthermore, the Al 3 Sc precipitates have a stabilizing effect on the microstructure and impede the movement of dislocations. Therefore, the strength of the Al-Sc alloy is improved by strain hardening and by grain boundary strengthening.
Some of the earliest investigations into Al-Sc alloy (designated Al 1570) were carried out in the former USSR. 4, 5) Subsequent studies of Al-Sc alloys investigated their solidification behaviour, 6, 7) recrystallization behaviour, 8, 9) weldability, [10] [11] [12] tensile properties, [13] [14] [15] [16] and fundamental mechanical properties [17] [18] [19] [20] [21] etc. Al-Sc alloys are used to fabricate numerous structural components for applications in the aircraft, automobile, transportation, sporting goods, and recreation fields. Due to the nature of these applications, these components are frequently subjected to dynamic impact loading during the course of their service lives. Moreover during their manufacture, Al-Sc alloys tend to undergo high strain rate deformations. However, previous studies have focused almost exclusively on the fundamental mechanical properties of Al-Sc alloys, and have tended to ignore both their response at high strain rate loading conditions and their fracture mechanisms.
Therefore, the present study uses a compression split Hopkinson bar to investigate the dynamic properties of AlSc alloy deformed at various strain rates at room temperature. The influence of strain rate and strain on the dynamic mechanical properties of the alloy and on its microstructural evolution are identified and discussed. A constitutive model is used to describe the high strain rate deformation behaviour of the Al-Sc alloy. Finally, based on observations of the microstructural evolution and an analysis of the fracture features, the relationship between the mechanical response and the microstructure of the Al-Sc alloy is determined and discussed.
Material and Experimental Procedure
The Al-Sc alloy used in the present study was supplied by Taiwan Hodaka Technology Co., Ltd. The mass% chemical composition of the Al-Sc alloy (as measured by a glow discharge spectrometer (GDS)) is presented in Table 1 . The alloy was melted in a pit type electrical resistance furnace and the molten metal (at a temperature of 700 C) was then poured into a heated permanent metal mold measuring 55 mm Â 170 mm (diameter Â length). The cast ingot was homogenized at 480 C for 16 h and then put into a preheated extrusion mold. After holding at 500 C for 2 h, the heated ingot was extruded using an indirect extrusion machine to form an extruded bar with dimensions 15 mm Â 650 mm (diameter Â length). To ensure an optimum precipitation and distribution of Al 3 Sc particles in the matrix, the extruded bar was solution heat-treated in an air furnace at 465 C for 1 h, water quenched at room temperature, and then aged naturally for 3 days. Finally, the bar was subjected to a two-step artificial aging treatment at 105 C for 7 h and 150 C for 10 h, respectively. Cylindrical specimens with a height of 7 AE 0:1 mm and a diameter of 7.2 mm were machined from the heattreated extruded bars. Each specimen was finished in a centre-grinding process to a final diameter of 7 AE 0:1 mm. The top and bottom end faces of the specimens were surface ground using a grinding wheel until a parallel divergence of less than 0.01 mm/mm was achieved.
The compression deformation experiments were conducted at room temperature at both quasi-static and dynamic strain rates. The quasi-static mechanical properties of the AlSc alloy were tested using an MTS 810 (MTS Systems, USA) material testing system at a nominal strain rate of 10 À3 s À1 . The load-displacement curves obtained from the compression tests were converted into true stress-true strain curves, using the following equations for the true stress t and true strain " t calculations:
where F is the compressive load, D 0 the initial diameter of the specimen, h 0 and h the initial and the final height of the specimen, respectively. The dynamic impact tests were performed at nominal strain rates of 1:2 Â 10 3 , 2:2 Â 10 3 , 3:2 Â 10 3 , 4:7 Â 10 3 and 5:8 Â 10 3 s À1 using the compression split Hopkinson bar shown in Fig. 1 . The stress, strain and strain rate were analyzed in digital form using onedimensional stress wave theory. 22) Based on the recorded incident, reflected and transmitted strain pulses, i.e. " i , " r , and " t , respectively, the engineering strain ", strain rate _ " " and engineering stress in the specimen were obtained from the following equations:
where C 0 is the longitudinal wave velocity in the compression split Hopkinson bar, L 0 the effective gage length of the specimen, E the Young's modulus of the split bar, and A and A 0 the cross-sectional areas of the split bar and the specimen, respectively. With the obtained engineering stress strain data, the true stress ( T ) and true strain (" T ) of the deformed specimen were calculated according to the following expressions:
Details of the present test configuration and measurement technique are presented in a previous study by the current authors. 23) The dynamic stress-strain curves were found to exhibit oscillations caused by the dispersion of the elastic wave in the pressure bar during the wave-propagation process. Therefore, a discrete Fourier transformation process was performed using a fast Fourier transform (FET) algorithm to correct the stress-strain curves. Figure 2 compares the original and corrected stress strain curves for a specimen deformed at a strain rate of 3:2 Â 10 3 s À1 . After dynamic testing, the microstructure of the deformed specimens was examined using a JEOL TEM-3010 transmission electron microscope (TEM) operating at 200 kV. The specimens for TEM observation were prepared by cutting foils of 350 mm thickness from the deformed specimens. Disks of 3 mm diameter were then punched from each foil, mechanically ground to a thickness of 200 mm, and then twinjet polished with a solution of 30% nitric acid and 70% methanol at 15 V and À30
C. The fracture specimens were prepared using a standard metallographic method and examined using a Philip's XL-40FEG scanning electron microscope operated at 15 kV to identify the nature of the fracture features.
Results and Discussion

True stress-strain curve
Figure 3(a) shows the true stress-strain curves of Al-Sc alloy deformed at room temperature at five different strain rates. For each strain rate, the flow stress increases gradually with increasing strain. Furthermore, for a constant strain, the flow stress increases rapidly with increasing strain rate. The tendency of the stress-strain curves indicates that the work hardening effect is dependent on the strain rate. A comparison of the flow stress under quasi-static testing and dynamic impact testing, respectively, shows that for a fixed strain of 0.4, the flow stress increases by approximately 200 MPa as the strain rate during deformation is increased from 10 À3 to 1:2 Â 10 3 s À1 . This provides evidence that the flow behaviour of Al-Sc alloy is highly strain rate sensitive. A change in the strain rate changes not only the flow stress, but also the fracture strain. As shown in Fig. 3(a) , the specimens did not fracture during deformation at strain rates lower than 1:2 Â 10 3 s À1 , even when deformed to a large true strain of 0.4. This indicates that the Al-Sc alloy exhibit a high deformability as it is deformed in the intermediate strain rate range and under quasi-static loading conditions.
The strain rate dependent behaviour observed in Fig. 3 (a) can be described by the general empirical work hardening law proposed by Ludwik. 24) This law has the form,
where A is the yield strength, B is the material constant, and n is the work hardening coefficient. Table 2 summarizes the impact properties of the Al-Sc alloy at different strain rates. As expected, the yield strength, material constant and work hardening coefficient all increase with increasing strain rate. In order to explore the influence of strain and strain rate on the work hardening behaviour of the Al-Sc alloy, this study calculated the work hardening rate at different strain rates (d=d") from the slopes of the stressstrain curves shown in Fig. 3(a) . Figure 3(b) shows the variation of the work hardening rate with the strain as a function of the strain rate. For a given strain rate, the work hardening rate decreases rapidly with increasing strain. However, at a fixed strain, the work hardening rate increases with increasing strain rate. The work hardening rate reflects the various microstructural evolutions which occur during the plastic deformation of the Al-Sc specimens. The tendency of the true stress-true strain relationship is determined by the outcome of the competitive process between the rate of work hardening (governed by the generation and accumulation of dislocations) and the rate of thermal softening (governed by the deformation-induced heat). Meanwhile, the presence of Al 3 Sc precipitates in the matrix and the interaction between these Al 3 Sc precipitates and the dislocations also influence the rate of work hardening as the strain rate increases. 
Strain rate sensitivity and activation volume
To further investigate the effects of strain rate on the Al-Sc alloy response, Fig. 4(a) plots the flow stress as a function of the logarithmic strain rate at true strains of 0.05, 0.1 and 0.15. It can be seen that the flow stress increases dramatically with increasing strain rate and strain in the high strain rate regime. The data plotted in Fig. 3(a) for the quasi-static and high strain rates can be used to calculate the strain rate sensitivity, , i.e. ¼ ð@=@ ln _ " "Þ, as shown in Table 3 . It can be seen that for a constant strain, the strain rate sensitivity increases with increasing strain rate. Furthermore, at a specific strain rate, an increased strain enhances the strain rate sensitivity slightly. To investigate the nature of the strain rate sensitivity in terms of the loading conditions and to track the corresponding microstructural evolution during deformation, it is necessary to establish a relationship between the strain rate sensitivity and the work hardening stress (-y ), where y is the yield strength. Figure 4 (b) presents the strain rate sensitivity of the Al-Sc alloy as a function of (-y ). It is observed that the strain rate sensitivity increases rapidly with the work hardening stress. The large work hardening stress corresponding to the characteristic rapid increase in strain rate sensitivity indicates that the Al-Sc alloy is a rate sensitive material, particularly in the high strain rate region. Since the flow stress of Al-Sc alloy is dependent on the strain rate, the variation of the flow stress with strain rate is dominated by the specific rate-controlling deformation mechanism. If the strain rate is controlled by a thermally activated process with a free energy of activation ÁG, the relationship between the flow stress and the strain rate can be described by the Arrhenius type equation, i.e.
where _ " " is the strain rate during deformation, _ " " o is the preexponential term, ÁG is the activation free energy, K b is the Boltzmann constant, and T is the absolute temperature. The activation volume, Ã , can be expressed as:
The activation volume index provides an indication of the evolution of dislocations during a plastic deformation process. Using the relationship presented in eq. (9), the activation volume, normalized with respect to b 3 (where b is the Burger vector of Al-Sc alloy, i.e. 28.9 nm), can be presented as a function of the work hardening stress (-y ), as shown in Fig. 4(b) . The results show that the activation volume decreases with increasing work hardening stress. Table 3 gives the value of the activation volume for the quasi-static and dynamic strain rates considered in Fig. 3(a) . The results suggest that the thermal activation effect, which assists dislocations to overcome obstacles during plastic deformation, reduces as the strain and strain rate are increased. The reduction in the activation volume with increasing strain rate also indicates that the amount of thermal vibration occurring at higher strain rates is less than which occurs in low strain rate testing. At the microscopic level, the variations of the strain rate sensitivity and activation volume reflect different microstructural evolutions, as discussed later in Section 3.4.
Deformation constitutive equation
Constitutive equations take account of the effects of strain, strain rate, temperature and microstructure to predict the deformation behaviour of engineering structural materials under dynamic loading. The use of such equations is becoming increasingly common as a means of enhancing the design of structural components. Many alternative constitutive equations have been developed for different materials. [25] [26] [27] We apply the Zerilli-Armstrong fcc constitutive equation 28, 29) to predict the dynamic deformation behaviour of the current Al-Sc alloy. This constitutive equation has the following form:
where T is the true stress, " T is the true strain, _ " " is the strain rate, T is the temperature, and 0 , c 2 , c 3 , c 4 and n are material constants. The original model for fcc materials specified n ¼ 0:5. However, in this study, n is specified as a free constant. For dynamic loading, the temperature rise generated by plastic deformation should be taken into account when predicting the material's response. Therefore, the temperature term (T) in eq. (10) is modified to T ¼ T 0 þ ÁT, where T 0 is the experimental temperature (room temperature in the current experiments) and ÁT is the temperature increment caused by plastic deformation. ÁT is calculated from: ÁT ¼ ½0:
where is the density (2.78 g/cm
3 ), C p is the heat capacity (0.2207 J g À1 per C), T is the true stress and d" T is the true strain interval. The material constants of the constitutive equation are calculated by applying regressional analysis to the experimental data plotted in Fig. 3(a) . The material constants are found to be 0 ¼ 767:4 MPa, c 2 ¼ 170:
À3 (K À1 ) and n ¼ 0:25. Figure 5 compares the experimental and calculated flow stress curves. It is observed that the two sets of results are in good agreement. Hence, the Zerilli-Armstrong fcc constitutive equation provides an accurate means of predicting the dynamic deformation behaviour of Al-Sc alloy at room temperature. 
Fractographic and microstructure evolution
The fracture surfaces of the deformed specimens were examined under a scanning electron microscope (SEM). The fracture analysis revealed that specimen failure is dominated by localized shearing. Specimen fracture occurs along a plane orientated at approximately 45 to the loading direction, i.e. along the direction of maximum shear stress. Figure 6 (a) shows a low magnification view of the fracture features of a specimen deformed at a strain rate 2:2 Â 10 3 s À1 . Table 4 presents the conditions associated with the occurrence of shear bands and cracking in the Al-Sc alloy. It is apparent that the occurrence of shear bands and cracking is dependent not only on the strain rate, but also on the plastic strain. Figures 6(b) and (c) present SEM micrographs of specimens deformed at strain rates of 2:2 Â 10 3 and 5:8 Â 10 3 s À1 , respectively. In Fig. 6(b) , the fracture is characterised by a transgranular dimple-like structure, which is indicative of ductile fracture. The dimples are elongated primarily along the shear direction. When the strain rate is increased to 5:8 Â 10 3 s À1 [ Fig. 6(c) ], the fracture appearance is still dominated by the dimple-like structure, but subcracking is also observed in the matrix due to the increased applied stress. Comparing the fracture features of Figs. 6(b) and (c), it is observed that the depth and density of the dimples decrease with increasing strain rate, while subcracking becomes more pronounced. This indicates that an increased strain rate reduces the ductility of the specimen and hence leads to specimen fracture at a lower strain. The microstructural characteristics of the fracture features shown in Figs. 6(b) and (c) are consistent with the stress-strain curves presented in Fig. 3(a) , which indicate that the fracture strain decreases with increasing strain rate.
To investigate the influence of strain rate on the microstructural evolution of the deformed specimens, undeformed and deformed specimens were studied using transmission electron microscopy (TEM). Figure 7 shows the initial microstructure of an undeformed specimen. The microstructure exhibits a random distribution of fine and coarse precipitates within the grains and aligned along the grain boundaries. These precipitates are identified as Al 3 Sc type particles. The presence of Al and Sc in these particles is confirmed by Energy Dispersive Spectrometer (EDS) analysis. The dislocation density in the undeformed condition is relatively low. However, impact deformation has a significant influence on the microstructure of the deformed specimens. Figure 8(a) shows a TEM micrograph of a specimen deformed at a strain rate of 1:2 Â 10 3 s À1 . The presence of the Al 3 Sc precipitates in the matrix creates a barrier effect, which accelerates the generation and accumulation of dislocations. The rapid increase in dislocation density leads to the formation of random dislocation cells with a thick and loose cell wall. Since Al-Sc alloy is a high stacking fault energy material, the formation of dislocation cells and the occurrence of dislocation cross-slipping occur more readily at high strain rate loading conditions. A similar precipitate/dislocation interaction behaviour is also observed in the precipitates located at the grain boundaries. As shown in Fig. 8(b) , the dislocations accumulate around the precipitates.
When the strain rate is increased to 3:2 Â 10 3 s À1 , Fig. 8 (c) shows that the dislocation arrangements are similar to those observed in the specimen deformed at the lower strain rate of 1:2 Â 10 3 s À1 [ Fig. 8(a) ]. However, an increased dislocation density is apparent in the higher strain rate case. The substructure still consists of dislocation cells, but the cell size and wall thickness are reduced at the higher strain rate loading condition. An enhanced strain rate also increases the degree of interaction between the precipitates and the dislocations, resulting in a significantly higher dislocation density around the Al 3 Sc precipitates. This phenomenon is clearly visible in Fig. 8(d) . Figure 8 (e) shows the dislocation structure of a specimen deformed at 5:8 Â 10 3 s À1 . In this figure, the dislocation cell structure is well developed, and dense dislocation tangles are evident within the cell wall. The dislocation density at this strain rate is higher, and the cell size and wall thickness are relatively smaller than those evident at a strain rate of 3:2 Â 10 3 s À1 [ Fig. 8(c) ]. The higher degree of dislocation tangling associated with small dislocation cells reduces the dislocation mobility and generates a significant increase in the flow stress and work hardening rate. Significantly, during deformation at the highest tested strain rate of 5:8 Â 10 3 s À1 , dislocation cells are typically formed near the precipitates and grain boundaries, as shown in Fig. 8(f) . This implies that the precipitates and grain boundaries are significant contributory factors in forming the dislocation cells and improving the strength of the Al-Sc alloy. The precipitates and grain boundaries act as a barrier interrupting the mobility of the dislocations, thereby producing a rapid increase in the dislocation accumulation rate and the work hardening rate.
Changes in the dislocation microstructure induce corresponding changes in the mechanical behaviour of the tested alloy. To correlate the observed dislocation microstructure with the measured mechanical response, we measure the dislocation density, cell size and dislocation cell size to cell wall thickness ratio from the TEM micrographs. The dislocation density is determined using the method outlined by Ham, 30) i.e. ¼ 2n=Lt, where n is the number of intersections between a dislocation and a random set of lines of length L and t is the foil thickness. Figure 9(a) shows the variation of the dislocation cell size with the dislocation density as a function of the strain rate. It is observed that an increasing strain rate increases the dislocation density, but decreases the dislocation cell size. A linear relationship is found between the strain rate and the dislocation density. The increase in dislocation density induces a reduction in the dislocation cell size and in the dislocation cell size to cell wall thickness ratio (D/d). Figure 9 (b) shows the variation of the strain rate sensitivity and the activation volume with the dislocation cell size. The results reveal that both the strain rate sensitivity and the activation volume are dependent on the dislocation cell size. As the cell size reduces, the flow stress and the strain rate sensitivity increase, but the activation volume decreases. Figure 9 (c) shows that the flow stress enhancement is related to the reduction in the dislocation cell size and the associated increase in the dislocation density. A higher flow stress (corresponding to a lower dislocation cell size to cell wall thickness ratio) indicates a higher level of work hardening of the alloy.
Conclusions
The present study has shown that the dynamic mechanical response and microstructural evolution of Al-Sc alloy is significantly dependent on the strain rate. As the strain rate is increased, the flow stress increases and the fracture strain decreases. An increase in the work hardening rate with increasing strain rate is observed due to the strain rate specific microstructural changes induced in the deformed specimens. It has been shown that the strain rate sensitivity and activation volume are related to the work hardening stress and correspond to the dislocation cell size. The ZerilliArmstrong fcc constitutive law has been used to model the dynamic mechanical response of the Al-Sc alloy. The results calculated using this equation are in good agreement with the experimental measurements. Specimen fracture is dominated by intensive localized shear. The fracture surfaces contain a transgranular dimple-like structure, whose form is strain rate sensitive. The dislocation density increases with increasing strain rate. The rapid increase in flow stress at high strain rates is explained by the rapid accumulation of dislocations and by the increased resistance to dislocation motion imposed by the grain boundaries and Al 3 Sc precipitates. The high degree of interaction between the dislocations, grain boundaries and precipitates leads to an increased work hardening effect at high strain rates. Dislocation cell structures are observed in the deformed specimens. The configuration of these dislocation cells depends on the strain rate. The high dislocation density associated with a small dislocation cell size improves the flow strength of the Al-Sc alloy. (c) Fig. 9 (a) Relationship between strain rate, dislocation density and reciprocal dislocation cell size at fixed strain of 0.15, (b) strain rate sensitivity and activation volume as functions of dislocation cell size in Al-Sc alloy, and (c) Flow stress versus reciprocal of dislocation cell size and ratio of dislocation cell size to cell wall thickness.
